Introduction
The striatum plays a critical role in motor control and several forms of implicit memory and is therefore involved in the pathophysiology of diverse illnesses, including Parkinson's disease and drug addiction. Medium spiny neurons are GABAergic projection neurons that constitute 95% of the neuronal types in the striatum (Kemp and Powell, 1971) . Striatal function depends on the ability of these neurons to integrate inputs originating from dopaminergic midbrain neurons and glutamatergic cortical neurons. Abnormality in either of these inputs, or of their integration, is thought to play a role in disease.
Although medium spiny neurons in the adult striatum are characterized as expressing either the D 1 or D 2 class of dopamine receptors (DRs), they appear to express all classes of glutamate receptors. Attention has been focused on ionotropic glutamate receptor interactions with dopamine receptors in striatal neurons (Cepeda et al., 1993; Price et al., 1999) , with fewer studies investigating dopamine receptor interactions with group I metabotropic glutamate receptors (mGluRs). Recent evidence suggests that interactions between metabotropic glutamate receptors and dopamine receptors are required for cocaine sensitization (Chiamulara et al., 2001) . Here, we report the interaction of group I metabotropic glutamate receptors with the D 1 class of dopamine receptors in striatal neurons. Group I mGluRs include mGluR1 and mGluR5 (mGluR1/5), which couple to G q/11 to activate phospholipase C␤ (PLC␤). The D 1 class of dopamine receptors include D 1 R and D 5 R (DR1/5) coupled to G olf to activate adenylyl cyclase (AC) (Zhuang et al., 2000; Corvol et al., 2001) . Although convergence of PLC-and AC-mediated signaling pathways on downstream targets has been examined in glutamatergic neurons (Roberson et al., 1999) , such convergence has not been tested in GABAergic striatal medium spiny neurons.
Few studies have dissected mGluR1/5 signal transduction in striatal neurons. Evidence from other neuronal types (Roberson et al., 1999; Hamilton and Nathanson, 2001) indicates that G-protein-coupled receptors can stimulate mitogen-activated protein kinases (MAPKs), extracellular signal-regulated kinase 1 (ERK1), and ERK2. We demonstrate here that mGluR1/5 stimulation increases ERK2 phosphorylation in cultured striatal neurons. Although forskolin stimulation of AC activates MAPKs in striatal neurons (Vincent et al., 1998; Zanassi et al., 2001 ), increased MAPK phosphorylation by selective DR1/5 activation has not been demonstrated in these neurons. Because protein kinase A (PKA) does not directly phosphorylate MAPKs, recruitment of Ras family members is the route hypothesized to mediate this effect in medium spiny neurons. Most interestingly, our data show that coactivation of DR1/5 and mGluR1/5 enhances ERK2 phosphorylation. Despite DR1/5-mGluR1/5 cooperation to elevate levels of ERK2 and cAMP-response element (CRE) binding protein (CREB) phosphorylation, we found that they do not cooperate in CREB-mediated transcriptional activity in medium spiny neurons. Although neither DR1/5 nor mGluR1/5 activation of ERK2 depends on protein kinase C (PKC), DR1/5-mGluR1/5-enhanced increases in ERK2 do require PKC. In addition, we observed that protein phosphatase 1 (PP1) and PP2A modulate mGluR1/5-mediated ERK2 phosphorylation. These findings, in conjunction with previous studies (Ferris et al., 1991a; Grewal et al., 2000; Lezcano et al., 2000) , suggest mechanisms through which functional consequences of mGluR1/5 activation can be modulated by DR1/5 and open additional avenues for the pharmacological manipulation of striatal function.
Materials and Methods
Materials. Experiments were conducted according to the principles set forth in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
, and bisindolylmaleimide I (GF109203X) were obtained from Tocris Cookson (Ellisville, MO). (ϩ)-1-Phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol (SKF38393), dopamine, (R)-(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine (SCH23390), calyculin A, calphostin C, and TTX were obtained from Sigma-RBI (St. Louis, MO). N- [2-( p-bromocinnamylamino) ethyl]-5-isoquinolinesulfonamide dihydrochloride (H89), 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo[2,3-a]pyrrolo [3,4-c] carbazole (Gö6976), forskolin, and okadaic acid (OA) were purchased from Calbiochem (La Jolla, CA). The mitogen-activated protein kinase kinase (MEK) inhibitor 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene (U0126) was obtained from Promega (Madison, WI). Concentrations of agents used in this study were determined by using published EC 50 /IC 50 values by obtaining comparable published analyses done in cultured cells or by independent analysis performed by each author (or all three authors). Receptor antagonists were used at concentrations that were receptor selective. Transfections for CREB transcriptional assays were performed using the PathDetect system (Stratagene, La Jolla, CA). Analyses of CRE-mediated transcriptional activity were performed using the Tropix (Bedford, MA) Dual-Light luciferase assay kit.
Cell culture. Culture dishes were coated for 12-18 h with polyethylenimine (0.2% in 50 mM sodium borate, pH 8) and washed and treated with DMEM/10% fetal calf serum for 60 min before plating of cells. Striata were isolated from the pups of Sprague Dawley embryonic day 18 (E18)-timed pregnant females (Taconic, Germantown, NY) and dissociated in media by trituration with a fire-polished Pasteur pipette. Cells were plated in Neurobasal media (Invitrogen, Rockville, MD) at a density of 1.7 ϫ 10 6 per 35 mm dish, to which glial cell line-derived neurotrophic factor (33 ng/ml), BDNF (50 ng/ml), B27 (1ϫ), glutamine (0.5 mM), and pen/strep (50 U per 50 g/ml) were added. No mitotic inhibitors were used. Cultures were maintained for 7-9 d before use.
Calcium imaging. Cells grown on polyornithine-coated coverslips were loaded with fluo-4 AM (1 mM in 20% Pluronic; Molecular Probes, Eugene, OR) for 30 min at room temperature. Coverslips were mounted in a Leiden perfusion chamber and positioned on the stage of an inverted microscope fitted with a Nikon (Tokyo, Japan) 20ϫ fluorescent 0.75 numerical aperture lens. Cells were perfused with a solution containing the following (in mM): 130 NaCl, 5.36 KCl, 0.8 MgSO 4 , 1 Na 2 HPO 4 , 25 glucose, 20 HEPES, 1 Na-pyruvate, 1.50 CaCl 2 , 1 ascorbic acid, pH 7.3. Drugs were bath applied using a nine-barrel fast perfusion system (ALA Scientific Instruments, Westbrook, NY) connected to individual threeway valves (Lee Biomolecular Research Laboratories, Essex, CT).
Fluorescence images were acquired at 495 nm excitation and 510 nm emission through a microchannel plate intensifier with a CCD camera. Images were acquired every 500 ms, and data were extracted using the Synapse IP software environment (Synergy Research Systems, Silver Spring, MD). For analysis, fluorescence intensities were normalized (⌬F/F o * 100). ⌬F was calculated as the difference between the peak fluorescence ( F) and the mean value of 20 data points before stimulation (F o ). Data were plotted using KaleidaGraph (Synergy Software, Reading, PA).
Western blot analysis and immunofluorescence. Cells were stimulated with various agents (each treatment in duplicate), washed with PBS, and solubilized in 1% SDS. Samples were boiled and aliquots taken for quantitation of protein using the Pierce (Rockford, IL) BCA protein assay kit. Ten micrograms of each sample were run on Novex (Wadsworth, OH) 4 -20% SDS-PAGE and transferred to nitrocellulose. Membranes were stained posttransfer with Ponceau S to identify and rerun blots with uneven lane loading. Membranes were blocked with BSA and probed with either anti-active MAPK (1:5000 dilution; Promega) or anti-phospho-CREB (1:2000 dilution; Upstate Biotechnology, Lake Placid, NY). For all Western blots in which duplicate lanes are shown, data represent results from separately stimulated samples. Immunoreactivity was detected using enhanced chemiluminescence (Amersham Biosciences, Arlington Heights, IL). Immunofluorescence was performed on cells cultured 8 d in vitro (DIV). Cells were washed with PBS and fixed with 4% paraformaldehyde. Rabbit polyclonal antibody against mGluR1 or mGluR5 (Upstate Biotechnology) was used at a 1:1000 dilution for Western blot analysis and 1:300 dilution for immunofluorescence. The rat monoclonal anti-D 1 R antibody was a generous gift from Dr. Alan Levey (Emory University, Atlanta, GA) and was used at 1:500 for immunofluorescence. Rabbit polyclonal anti-phospho-p44/42 MAPK (Thr202/Tyr204; Cell Signaling Technology, Beverly, MA) was used at 1/500 for double-label immunofluorescence with mouse anti-neuronalspecific nuclear protein (NeuN) (1:500; Chemicon, Temecula, CA). Immunoreactivity was detected using either Alexa 568-conjugated or Alexa 488-conjugated goat anti-rabbit or anti-mouse antibody. Images were collected using a Micromax 5 MHz cooled CCD camera (Princeton Instruments, Trenton, NJ) and MetaMorph 4.0 image analysis software (Universal Imaging, West Chester, PA). Duplicate treatments were averaged and comprised an "N" of one.
Transcription/luciferase assays. At 5 d in vitro, cells were transfected with two vectors using the calcium phosphate method. One vector consisted of a galactosidase 4 (Gal4)-luciferase construct (pFR-Luc). The other construct contained a Gal4 DNA binding domain expressed either without CREB (pFC2-dbd; negative control) or with CREB (pFA2-CREB) fused to it. Twelve to 16 h after transfection, cells were stimulated with DHPG, SKF38393, or both together. Forskolin stimulation was used as a positive control for this system. After stimulation, cells were washed with PBS and lysed in Dual-Light lysis buffer. Extracts were assayed for luciferase activity using a luminometer (LB 9507 Lumat; Berthold, Bad Wildbad, Germany). All treatments were performed in duplicate; extracts were assayed in triplicate. Note that transfection with a lacZ construct was included as a control for transfection efficiency. There was no significant difference in ␤-galactosidase activity between dishes or between experiments. These data were not included in the final figure.
Data analysis. Results from Western blot analyses were collected with a Sierra Scientific (Sunnyvale, CA) video CCD camera and quantitated using ImageQuant (Molecular Dynamics, Sunnyvale, CA). Statistical analysis was conducted with Statview using ANOVA with post hoc Fisher's test. A probability of 0.05 was selected as the level of statistical significance. For calcium imaging experiments, data were analyzed using KaleidaGraph (Synergy Software). Statistical analysis was done using InStat (Statistical Services Centre, University of Reading, Reading, UK). All data are expressed as mean Ϯ SEM.
Results
Group I metabotropic receptors are present and functional in primary striatal neurons Before initiating biochemical experiments examining regulation of ERK phosphorylation in primary striatal neurons, we sought to establish that group 1 mGluRs were expressed by, and functional in the majority of, neurons at 7-10 DIV under our culture conditions. We chose to assay calcium elevation after mGluR1/5 activation. Stimulation with the nonselective group I mGluR agonist DHPG elicited an immediate increase in intracellular calcium levels, which persisted as long as agonist was present, and declined after its removal ( Fig. 1 A) . To ensure that neuronal, not glial, responses to mGluR1/5 agents were quantitated, we marked cells that increased calcium in response to NMDA and collected data using mGluR1/5 selective agents only from NMDA responsive cells. Approximately 80% of cells in a field increased calcium in response to DHPG; of these, ϳ90% also responded to NMDA. A concentration-response curve generated with DHPG was sigmoidal between 0.1 and 100 M, and the EC 50 value was calculated as 2.72 Ϯ 0.34 M. The concentration-response relationship for the highly selective mGluR5 agonist CHPG also was sigmoidal, and the EC 50 value was 291 Ϯ 20.75 M (Fig. 1 B) . These values are in agreement with previously published data for CHPG and DHPG (Doherty et al., 1997; Toms and Roberts 1999) . mGluR1 antagonists AIDA (10 M) and LY367385 (10 M) decreased the DHPG response by 28.5 Ϯ 2.5% (n ϭ 286) and 64.7 Ϯ 1.6% (n ϭ 322), respectively. The mGluR5 inverse agonist MPEP (20 M) produced the greatest block of DHPG-mediated calcium elevation, inhibiting the DHPG response by 95.3 Ϯ 1.1% (n ϭ 312) (Fig. 1C 1 ) . We concluded that mGluR5 was the principal mediator of calcium flux elicited by DHPG. Involvement of NMDA receptors in the DHPG response was also observed, as reported previously (Pisani et al., 1997) ; 20 M D-APV decreased the DHPG response by 41.8 Ϯ 2.8% (n ϭ 268). Calcium elevation by DHPG was dependent on external calcium, because brief removal of calcium while adding EGTA to the external solution reduced calcium rise by 92.5 Ϯ 0.5% (n ϭ 302) (Fig. 1C 2 ) . Blockade of calcium channels with cadmium also inhibited the DHPG response by 79.9 Ϯ 1.6% (n ϭ 132), which supports the importance of calcium influx in the DHPG effect (Fig. 1C 3 ) . The increase in calcium given by DHPG extended throughout the entire neuronal cell body and processes (Fig. 1 D) .
mGluR5 activates ERK2 in striatal neurons
To ensure that experiments were performed at times of stable receptor expression in the cultures, we used Western blot analysis to examine levels of both mGluR1 and mGluR5 protein in cultured E18 striatal neurons as a function of DIV (Fig. 2 A) . The levels of mGluR5 were consistently higher than mGluR1 from 3 to 13 DIV. The expression of mGluR1 in E18 neurons varied with the number of DIV; peak levels occurred at 7 DIV. Experiments were performed at 7-9 DIV, during which period mGluR5 protein levels were relatively stable. The typical pattern of mGluR immunoreactivity in these neurons is shown for cells at 8 DIV. mGluR1 staining was visible primarily in the somata of these neurons, whereas mGluR5 immunoreactivity was apparent in both the somata and processes (Fig. 2 B) .
Addition of DHPG (10 M) to the media produced a rapid increase in ERK1 and ERK2 phosphorylation in E18 striatal neurons, peaking within 5 min and declining toward basal levels by 30 min (Fig. 2C) . We focused our analyses on ERK2, because both the basal level and magnitude of DHPG-induced change were greater for ERK2 than ERK1. ERK2 phosphorylation significantly increased with 10 M DHPG; 30 M DHPG did not yield a greater increase (Fig. 2 D) . Based on data in Figures 1 B and 2 D, the concentration we selected for DHPG treatments was 10 M. We further characterized mGluR1/5-mediated ERK2 phosphorylation with selective agonists and antagonists (Fig. 2 E) . The mGluR5 selective agonist CHPG (750 M) (Doherty et al., 1997) increased ERK2 phosphorylation to a greater extent than 10 M DHPG. Pretreatment with the mGluR5 inverse agonist MPEP (20 M; 30 min) blocked DHPG-stimulated increases in phosphoERK2. Neither mGluR1 antagonist LY367385 (10 M) nor 4CPG (100 M) inhibited ERK2 phosphorylation by DHPG. These data led us to conclude that similar to the calcium imaging experiments, mGluR5 plays a more substantial role than mGluR1 in activating ERK2. Double-label immunofluorescence was used to visualize pERK in cultured cells, comparing neurons with glia. Cells were stimulated with DHPG and stained with rabbit antipERK and mouse anti-NeuN (neuronal-specific antigen). 4Ј,6Ј-Diamidino-2-phenylindole (DAPI) was used to visualize cells that were negative for both pERK and NeuN. The results indicated that cells with the greatest increase in pERK after DHPG treatment were predominantly neuronal in nature (Fig. 2 F) .
Because we observed that activation of mGluR5 in striatal neurons gave rise to a robust increase in intracellular calcium, we explored a few avenues whereby calcium rise could lead to ERK phosphorylation. To test whether calcium/calmodulin-dependent protein kinase II (CaMKII) could indirectly alter ERK2 phosphorylation, we preincubated cells with the selective CaMKII inhibitor 2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesulfonyl)amino-N-(4-chlorocinnamyl)-N-methylbenzylamine (1 and 10 M; data not shown) but saw no suppression of DHPG-mediated ERK2 phosphorylation. We also determined whether calcium influx through voltage-dependent calcium channels could enhance ERK2 phosphorylation in these cells (Rosen et al., 1994; Farnsworth et al., 1995) . The L-type calcium channel blocker nifedipine (10 M) altered neither basal nor DHPG-mediated ERK2 phosphorylation (data not shown). N-, P-, and Q-type calcium channel blockade with 2 M -conotoxin MVIIC had no effect on pERK2. Finally, exposure of cells to both nifedipine and -conotoxin MVIIC altered neither basal nor DHPG-stimulated pERK2 levels (data not shown). Nevertheless, pretreatment of cells with BAPTA AM blocked increased phosphoERK2 in response to DHPG (DHPG, 275 Ϯ 27%; BAPTA plus DHPG, 127 Ϯ 5; n ϭ 3; p Ͻ 0.05). mGluR1/5 activation of ERK2 does not appear to depend on Src, because the Src-selective inhibitor SU6566 (1 M) did not inhibit DHPG-mediated ERK2 phosphorylation (n ϭ 4; data not shown). 
DR1/5 enhances ERK2 phosphorylation by metabotropic glutamate receptors
Because of the hypothesized importance of dopamine-glutamate interactions for motor control and associative learning processes in the striatum (Alexander et al., 1990; Knowlton et al., 1996) , we compared signaling cascades initiated by mGluR5 (which are PLC␤-coupled receptors) and DR1/5 (adenylyl cyclase linked). Although molecular details are lacking, a number of published reports provide evidence suggesting that significant interactions occur between pathways activated by mGluR and dopamine receptors in the striatum (Berke et al., 1998; Paolillo et al., 1998; Calabresi et al., 1999; Hanania and Johnson, 1999) . In primary cultures derived from E18 striatum, we found that stimulation of neurons with 10 M DHPG together with 10 M R(ϩ)SKF38393 enhanced ERK2 phosphorylation (see Fig. 4 A) . This effect was also observed in experiments in which DHPG was coapplied with either 10 M SKF81297 or 100 M dopamine (data not shown).
In preliminary experiments, various combinations of DHPG and SKF38393 in concentrations ranging from 1 to 10 M were tested for their ability to enhance ERK2 phosphorylation. For the quantitative and statistical analyses presented here, data from all experiments using 10 M DHPG and 10 M SKF38393 were included, without regard to the degree of enhancement exhibited.
To determine whether transsynaptic events mediate enhancement, we repeated the stimulation in the presence of 0.5 M TTX. Under these conditions, the enhancement was still observed when action potentials were blocked (Fig. 3B) . To ensure that DR1/5-mGluR1/5 interactions were cell autonomous rather than transsynaptic, we conducted double-label immunofluorescence analysis on these neurons, staining for mGluR5 and DR1/5. At this developmental stage and under these culture conditions, DR1/5 appear to be expressed in approximately all neurons, as revealed by immunofluorescence using two different D 1 R antibodies (rat monoclonal shown here; similar results were obtained using rabbit polyclonal antibody; Research Diagnostics, Flanders, NJ). Results of staining using rat anti-D 1 R and rabbit antimGluR5 demonstrated that DR1/5 and mGluR5 are coexpressed in a majority of neurons in these cultures (Fig. 3C) .
We quantified the contribution of mGluR5 to increased ERK2 phosphorylation by DHPG (Fig. 4 A) . Although MPEP pretreatment elevated basal pERK2, addition of DHPG with MPEP did not significantly increase ERK2 phosphorylation over MPEP alone. Preincubation of cells with the D 1 receptor antagonist SCH23390 (20 M) blocked SKF38393 increases in pERK2, confirming the role of DR1/5 in this effect (Fig. 4 B) .
Because DR1/5 are known to activate PKA, a role for PKA in agonist-mediated pERK2 elevation was examined. Basal levels of pERK2 were not altered when cells were incubated for 60 min with the PKA inhibitor H89 (5 M; PKA-selective concentration) (Chijiwa et al., 1990 ). H89 did not block DHPG-evoked ERK2 phosphorylation but did prevent SKF38393 induction of pERK2 (Fig. 4C) .
Activation of either Ras or Raf kinase is a prerequisite for stimulation of the protein kinase MEK, which phosphorylates ERK1 and ERK2. To confirm that the DR1/5-mGluR1/5 pathway convergence involved MEK, we pretreated cells with the MEK inhibitor U0126 at a concentration documented to selectively target this kinase (Duncia et al., 1998; Stanciu et al., 2000) . At this concentration (1 M), ERK2 phosphorylation was dramatically reduced compared with control (Fig. 4 D) . In the presence of U0126, receptor activation could not increase pERK2 levels over control. This confirmed that MEK is required for activation of ERK2 by mGluR1/5 and DR1/5 agonists. Similar results were observed when 50 M 2Ј-amino-3Ј-methyoxyflavone was used to block MEK (data not shown).
The observation that the MEK inhibitor U0126 interfered with the ability of SKF38393 to increase ERK2 phosphorylation suggested that a potential point of interaction between the two signaling pathways occurred upstream of MEK. Based on published reports describing the ability of PKA to activate the MEK pathway in other cell types (Yarwood et al., 1996; Busca et al., 2000) , we hypothesized that activation of a PKA pathway alone could increase ERK2 phosphorylation. Hence, we sought to define the concentration dependence of U0126 on signaling specifically through DR1/5 and generally through cAMP-dependent pathways. Cultures of striatal neurons were preincubated with U0126 ranging from 50 nM to 1 M and followed by either SKF38393 or forskolin. ERK2 phosphorylation by forskolin was significantly reduced with 1 M U0126 (Fig. 5A ), whereas 0.1 M U0126 blocked phosphorylation by SKF38393 (Fig. 5B ). The data demonstrate that in striatal neurons, ERK phosphorylation is modulated in a significant and direct manner by DR1/5 activation.
DR1/5 enhancement of mGluR1/5 activation of ERK2 is PKC dependent
Along with generation of IP 3 and increase in intracellular calcium concentration, DHPG stimulation of the PLC pathway leads to PKC activation. We therefore investigated the role of PKC in DHPG-mediated ERK2 stimulation and DR1/5-mGluR1/5 enhancement. For this analysis, we used three different PKC inhibitors. Calphostin C inhibits PKC by competing with DAG binding sites (Kobayashi et al., 1989) . GF109203X is a potent inhibitor of PKC␣ and PKC␤1. Gö6976 selectively inhibits PKC␣ and PKC␤1 while having no effect on the atypical ( and ) and novel (Ѩ, ⑀, , , and ) PKC isozymes at micromolar concentrations (Martiny-Baron et al., 1993) . Inhibitors were added 30 -60 min before agonist application. Of the three inhibitors, only Gö6976 (1 M) altered basal levels of pERK2 (data not shown); neither calphostin C (100 nM) nor GF109203X (500 nM) affected basal activity of ERK2 (Fig. 6 A, B) . None of the three inhibitors blocked the ability of DHPG to increase ERK2 phosphorylation. However, all three inhibitors prevented the enhanced activation of ERK2 by DR1/5-mGluR1/5, despite the slightly different profile of selectivity of these three commonly used inhibitors (Fig. 6 A, B) . These data provide the strongest evidence for the enhancement as a cell-autonomous event.
Protein phosphatases regulate mGluR1/5 signaling In striatal medium spiny neurons, the dopamine and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32) is a substrate for PKA (Ouimet et al., 1984; Walaas and Greengard, 1984; Greengard et al., 1999) . The culture conditions we used (serum-free Neurobasal medium supplemented with brainderived neurotrophic factor) support DARPP32 expression (data not shown) (Ivkovic and Ehrlich, 1999) . When phosphorylated by PKA, DARPP32 becomes an inhibitor of protein phosphatase PP1. We tested the hypothesis that PP1 inhibition by DR1/5 is a component of the pathway leading to DR1/5-mGluR1/5 enhancement. For this portion of the analysis, we used the phosphatase inhibitors okadaic acid and calyculin A. One limitation posed in using these agents is that they inhibit both PP1 and PP2A when used at nanomolar to low micromolar concentrations (Ishihara et al., 1989; Girault, 1993; Honkanan, 1994) . We observed that these phosphatases play a significant role in the modulation of ERK2 phosphorylation (Fig. 7) . Both calyculin A and okadaic acid elevated basal pERK2 but did not occlude DHPG-or SKFmediated increases in pERK2 (data not shown). Both calyculin A and okadaic acid significantly enhanced ERK2 phosphorylation by DHPG. Okadaic acid treatment did occlude the DHPG-SKF interaction (5 nM OA, DHPG-SKF, 453 Ϯ 129; DHPG plus OA, 382 Ϯ 61; OA plus DHPG plus SKF, 502 Ϯ 172; p Ͼ 0.05; n ϭ 4). Calyculin A treatment yielded similar results (data not shown).
DR1/5-mGluR1/5 coactivation enhances CREB phosphorylation but not CREB-mediated transcription
One downstream event modulated by ERK2 kinase activity is phosphorylation of CREB. A minimal requirement for increasing CRE-mediated transcriptional activity via CREB is phosphoryla- tion on Ser 133 . CREB phosphorylation was induced in striatal neurons with DHPG, SKF38393, or both and quantitated using an anti-phosphoCREB antibody that recognizes phosphorylated Ser 133 (Fig. 8 A) . Treatment of neurons with either DHPG or SKF38393 elicited significant increases in phosphoCREB. The combined treatment of SKF with DHPG also increased CREB phosphorylation significantly over that seen with either DHPG or SKF alone. In summary, the DR1/5 enhancement of mGluR5 phosphorylation of ERK2 was apparently translated directly into similar changes in the magnitude of CREB phosphorylation.
We also sought to determine whether activation of CREB by DHPG, SKF38393, or coapplied DHPG and SKF38393 would increase CREB-mediated transcriptional activity. To conduct these experiments, striatal neurons were transfected with two plasmids. One contained the GAL4 DNA-binding domain fused to CREB (pFA2-CREB), whereas the other possessed the GAL4 upstream activation sequence (UAS) fused to the luciferase gene (pFR-Luc). Induction of luciferase activity in transfected neurons therefore depended on the following: (1) successful cotransfection of both vectors and (2) a biological stimulus phosphorylating and activating CREB fused to the GAL4 DNA-binding domain. Under these circumstances, GAL4-phosphoCREB dimerizes and binds to the GAL4 UAS, transactivating luciferase expression. Control cells transfected with pFC2-dbd (negative control; construct lacking CREB) and pFR-Luc showed a decrease in basal luciferase activity compared with cells transfected with pFA2-CREB and pFR-Luc. This was reflective of basal levels of neuronal activity normally observed in these cells, which leads to CREB phosphorylation. Cells transfected with pFA2-CREB and pFR-Luc and stimulated with DHPG or SKF38393 alone increased CREB-mediated transcriptional activity to similar extents. In contrast to ERK2 and CREB phosphorylation, no enhancement of transcriptional activity was noted when both agonists were applied in combination. The possibility of a ceiling Figure 5 . cAMP-mediated increases in ERK2 phosphorylation in striatal neurons are MEK dependent. A, Forskolin (Forsk) elicits a robust increase in ERK2 phosphorylation that is resistant to U0126 concentrations Ͻ1 M (n ϭ 3 for all conditions). B, ERK2 phosphorylation induced by SKF38393 (SKF) is radically reduced and driven to subbasal levels with 0.1 M U0126 (n ϭ 3 for all conditions). Cells were treated with U0126 for 60 min before agonist application. Asterisks indicate a significant increase over control (0); @ indicates a significant decrease compared with control. Figure 6 . Protein kinase C mediates mGluR5-D 1 receptor pathway interactions. The protein kinase C inhibitors GF109203X (GF) (A) (500 nM; n ϭ 7) and calphostin C (CalC) (B) (100 nM; n ϭ 5) block the DR1/5-enhanced activation of ERK2 by mGluR without affecting DHPG (D)-mediated ERK2 phosphorylation. Each inhibitor was applied 60 min before treatment with agonist. Graphical summary of results is shown below each panel. Asterisks indicate a significant increase over control (controls are 0 for treatment with agonist alone or inhibitor for treatment with agonist in the presence of inhibitor); # indicates significant difference from DHPG or SKF38393 (SKF; S) treatment alone; @ indicates significant difference from DHPG plus SKF38393 coapplication.
effect with regard to the ability of DHPG and SKF to activate CREB was examined in parallel samples treated with forskolin. Forskolin elevated CREB-mediated transcriptional activity twofold greater than that observed with any combination of DR1/5 or mGluR5 agonist (Fig. 8 B) . Therefore, the mGluR5-DR1/5 enhancement observed with ERK2 and CREB phosphorylation was not apparent at the level of CREB-mediated transcriptional activity.
Finally, by using results presented here in combination with data from related studies, we constructed a hypothetical model outlining the sequence of events after mGluR1/5 and DR1/5 activation (Fig. 9) .
Discussion
Striatal function depends on the integration of sensorimotor information from the cerebral cortex carried by glutamatergic neurons with information about the motivational state of the organism carried by dopamine neurons (Sacaan et al., 1992; Brown et al., 1999) . At the cellular level, the concept of segregated signaling cascades extending from receptor to effector has given way to the recognition that interaction among biochemical pathways is a critical and highly regulated aspect of cellular function. Many examples have been documented in which signaling through one type of receptor can be modified by coactivation of a distinct type of receptor (Cepeda et al., 1993; Colwell and Levine, 1994; Pisani et al., 1997; Lezcano et al., 2000; Ciruela et al., 2001) . The timing and pattern of receptor activation is very important, because it determines the overall excitability of a neuron. Integration of signals is reflected in patterns of neuronal firing, in modulation of phosphorylation of effector proteins, and in the regulation of gene expression. A complete understanding of the interactions between glutamate and dopamine receptor-mediated signaling events is a critical step in understanding striatal function, including the role of the striatum in implicit learning and memory.
mGluR5 is abundant and functional in striatal E18 neurons Metabotropic receptors are expressed on striatal neurons (Testa et al., 1994; Ghasemzadeh et al., 1996) ; mGluR1 and mGluR5 are found on somata, dendritic shafts, and dendritic spines of DR1/ 5-expressing neurons. We used primary striatal cultures to minimize circuit-based interactions that might confound our analysis. Because the properties of some receptors can change dramatically under different culture conditions (Mao et al., 2004) , we first established that mGluR1/5 activation was coupled to calcium mobilization in our cultures. Calcium concentrations increased throughout the cell in response to DHPG and exhibited oscillatory behavior typical of mGluR5 (Flint et al., 1999 ) (data not shown). MGluR5-mediated signaling to the nucleus has not been explored extensively in striatal neurons. MAPK pathways are pivotal in carrying information from membrane to nucleus, resulting in extracellular signal-regulated gene expression. We therefore studied the effect of mGluR5 on ERK2 phosphorylation because of the likely significance of ERK2 in regulation of transcription factors (Sweatt, 2001; Yang et al., 2003) . The availability of highly specific antibodies to phosphorylated ERK1/2 facilitated this analysis. Ras pathway activation leading to increased ERK2 phosphorylation has been characterized as a cellular event resulting from mGluR5 activation (Fiore et al., 1993; Ferraguti et al., 1999) . We observed rapid increases in pERK2 with low concentrations of DHPG mediated primarily by mGluR5, the contribution from mGluR1 being much less apparent. Roberson et al. (1999) and Watabe et al. (2000) reported the occurrence of interactions between PLC-and cAMP-mediated signal transduction pathways in hippocampal pyramidal cells that cooperated to increase ERK2 phosphorylation. Like glutamatergic hippocampal neurons, the GABAergic striatal neurons that we investigated demonstrated consistent, significant augmentation of pERK2 levels when mGluR1/5 and DR1/5 were stimulated simultaneously. Indeed, the finding that sensitization to cocaine is absent in mice lacking mGluR5 provides some of the strongest evidence to date that a critical interdependence exists between dopamine receptors and mGluR5 (Chiamulera et al., 2001) . To establish an anatomic basis for the biochemical interactions between DR1/5 and mGluR5 pathways, we probed for DR1/5 and mGluR5 immunoreactivity in our cultures and found a high degree of coexpression of the two (Fig. 3C) . Pharmacological analyses demonstrated that this interaction was dependent on PKA and MEK. Our data show striking, concentrationdependent inhibition of cAMP-mediated ERK2 phosphorylation with MEK inhibition.
DR1/5 enhance mGluR5-mediated ERK2 phosphorylation
There are at least four mechanisms by which DR1/5 and mGluR signals could interact. At the level of the cell membrane, DR1/5 can facilitate intracellular calcium release if the neuron is first "primed" by activation of a PLC-linked receptor, promoting DR1/5 binding to a protein termed calcyon (Lezcano et al., 2000) . Calcyon is expressed in E18 striatal cultures (data not shown). At the level of cAMP generation, Paolillo et al. (1998) documented group 1 mGluR-mediated potentiation of dopamine-induced cAMP formation in striatal neurons. Subsequently, Hoffmann et al. (1999) found that ERK2 inhibited the cAMP phosphodiesterase phosphodiesterase 4D. The predominant striatal isoform PDE4B (Cherry and Davis, 1999) can also be phosphorylated by ERK (Lenhard et al., 1996) . A third mechanism involves the Ras family member Rap1. In B-Raf-expressing cells, PKA activation of Rap1 leads to Rap1/B-Raf complex formation that can trigger the MEK-ERK signaling cascade (Vossler et al., 1997; Schmitt and Stork, 2000) . Recent data support the idea that, in neurons, depolarization increases intracellular calcium levels, leading to activation of Rap1 and B-Raf in a PKA-dependent manner (Grewal et al., 2000; Morozov et al., 2003) . We hypothesize that in striatal neurons, mGluR5-mediated calcium release can also activate B-Raf in a similar manner. Finally, PKA can phosphorylate IP 3 Rs and enhance their function (Ferris et al., 1991a,b) . Because mGluR5 elicits calcium release via IP 3 receptors, DR1/5-mGluR5 interactions may well involve PKA facilitation of IP 3 R function.
Although DR1/5 s and mGluR5 s acting in concert can substantially increase ERK2 phosphorylation, this enhanced effect does not recruit all possible pools of ERK2. Treatment of our neurons with low nanomolar phorbol 12-myristate 13-acetate (PMA) gave rise to even greater amounts of pERK2 than was achievable with DR1/5 and mGluR5 agonists (data not shown). Similarly, forskolin increased ERK2 more than SKF38393, DHPG or both together.
Interaction between signaling pathways is PKC dependent
The signaling pathway activated by mGluR5 includes PLC␤-mediated increases in the second messengers DAG and IP 3 . Our data demonstrate that activation of PKC is not required for ERK2 phosphorylation by DHPG or by SKF38393. The effects of DR1/5 and D2R stimulation differ in this regard, because D 2 R stimulation of pERK2 via PLC has been reported to be PKC dependent (Yan et al., 1999) . Nevertheless, DR1/5-mGluR5 pathway interaction clearly depends on PKC. Although the predominant signaling pathway activated in striatal neurons by SKF38393 involves PKA (shown here in H89-mediated suppression of pERK2), DR1/5 activation of PKC has been described previously (Simpson and Morris, 1995; Gorelova and Yang, 2000) and could contribute to the observed interactions between DR1/5 and mGluR5. Overall, our data are consistent with the hypothesis that there is a shared substrate for PKA (DR1/5 activated) and PKC (mGluR5 activated) that modulates ERK2 phosphorylation.
Signaling contributions from phosphatases
The phosphorylation state of a protein reflects the balance of kinase and phosphatase activity. DR1/5 activation in striatal neurons inhibits PP1 via DARPP-32, and PP2A directly dephosphorylates ERK1 and ERK2. As expected, inhibition of PP1 and PP2A increased mGluR5-mediated ERK2 phosphorylation (Braconi Quintaje et al., 1996; Keyse, 2000) . This is consistent with a DR1/ 5-mediated decrease in PP1 activity that couples with DHPG actions to result in enhanced phosphoERK2. Lacking a fully selective inhibitor of PP1, interpretation of these data is limited by the effects of calyculin A and okadaic acid on PP2A. Identification of the mechanisms by which mGluR5 function is influenced by PP1 should provide important insights into signal integration within striatal neurons. An interesting observation by Yan et al. (1999) was that mice lacking DARPP-32 show a pronounced increase in basal MAPK (ERK1/2) phosphorylation, arising in part from disinhibition of PP1 by DARPP-32. Because PP1 has also been shown to physically interact with mGluR1/5, a suppression of PP1 by DARPP-32 activity could potentially enhance mGluR1/5 signaling (Croci et al., 2003) . Future endeavors will be directed toward understanding the links between mGluR5, PP1, and ERK2, because only PP2A has been ascribed a role in regulating MAPK by dephosphorylation. Mao et al. (2005) have detailed PP2A activity in mGluR5 signaling via MEK/ERK.
Degree of CREB phosphorylation does not reflect the extent of CREB-mediated transcriptional activity
Neurotransmitter-induced changes in expression of specific transcripts are believed to contribute to the mechanism underlying synaptic plasticity. Activation of ERK1 and ERK2 can lead to phosphorylation of the transcription factor CREB via RSK2 (CREB kinase) (Xing et al., 1996) ; CREB phosphorylation is a requisite first step in the initiation of CRE-mediated transcriptional activity. CREB phosphorylation on Ser 133 is mediated by a number of different kinases in response to diverse extracellular stimuli (for review, see Shaywitz and Greenberg, 1999) . The regulation of transcription by CREB is complex, involving numerous kinases and proteins that stabilize CREB binding to DNA (such as the CREB-binding protein CBP and RNA helicase A). The biological relevance of CREB phosphorylation by multiple kinases is not well understood. We observed that amplification of signaling reflected by enhanced pERK2 and phosphoCREB after mGluR5 and DR1/5 activation was not mirrored by similar changes in the amount of CREB-mediated transcriptional activity. The failure of these neurons to demonstrate enhancement at the transcriptional level was not reflective of a ceiling effect, because in the same experiments, forskolin treatment increased luciferase activity to greater extents than agonist treatments. Rather, these data lend strong support to the idea that multiple checkpoints for regulation of transcription exist.
In conclusion, we have presented data supporting a very robust interaction between mGluR1/5 and D1R1/5. Although we have not yet discovered the precise components of this interaction, additional analysis of substrates for phosphorylation by PKC should reveal candidates for cross-talk between these signal transduction cascades.
